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PROGRESSIVE FRACTURE OF FIBER COMPOSITES 


Thomas B. Irvine and Carol A. Glnty 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

Refined models and procedures are described for determining progressive 
composite fracture In graphite/epoxy angleplled laminates. Unique Lewis 
Research Center capabilities are utilized Including the Real-Time Ultrasonic 
C-Scan (RUSCAN) experimental facility and the Composite Durability Structural 
Analysis (CODSTRAN) computer code. CODSTRAN Is used to predict the fracture 
progression based on composite mechanics, finite element stress analysis, and 
fracture criteria modules. The RUSCAN facility, CODSTRAN computer code, and 
scanning electron microscope are used to determine durability and ^entlfy 
failure mechanisms In graphite/epoxy composites. Results Indicate that RUSCAN/ 
CODSTRAN Is an effective method of studying progressive fracture of composites. 


INTRODUCTION 

The evaluation of composite durability and structural reliability Is 
dependent upon having the capability to characterize defects and subsequent 
defect growth to fracture. Having this capability Involves techniques and 
methods for determining combined stress states In composite laminates and the 
subsequent application of failure criteria. The objective of this study Is to 
develop and refine models and procedures for determining progressive composite 
fracture Including characterization of crack propagation and failure mechanisms 
In graphite/epoxy angleplled laminates. 

Unique Lewis Research Center capabilities utilized In this study Include 
the Composite Durability Structural Analysis (CODSTRAN) computer code and the 
Real-Time Ultrasonic C-Scan (RUSCAN) experimental facility. The CODSTRAN com- 
puter code Is an upward Integrated mechanistic method for predicting durability 
and defect growth In composites. The program Incorporates composite mechanics, 
laminate theory, structural analysis (finite element), and fracture criteria 
modules. The RUSCAN experimental facility Is a nondestructive ultrasonic 
C-Scan testing apparatus which can scan a specimen or structure under an ^ 
applied load for defects and damage. These two capabilities, along with post- 
mortem analysis by scanning electron microscopy, are used to characterize 
progressive fracture of composites. 

A series of 4-ply angleplled graphite/epoxy laminates were fabricated 
using Flberlte 1034E prepreg (934 resin matrix system Impregnated with Thornel 
300 graphite fibers). The series of angleplled laminates were of ply orienta- 
tions (+e)s where 0 - 0, 3, 5, 10, 15, 30, 45, 60, 75 and 90 degrees. 

Specimens were tested with and without notches. The two types of full penetra- 
tion notches Introduced Into the specimens were centered slits, 0.25 In. x 
0.05 In., and centered circular holes of 0.25 In. diameter. All specimens 
were loaded In uniaxial tension and ultrasonlcally C-Scanned at specified load 
Increments. The tests were conducted to laminate fracture In order to deter- 
mine the load-carrying capacity for each angleplled laminate. In conjunction 
with the experimental program, CODSTRAN analyses were conducted to predict 



fracture for models of the notched and unnotched specimens. Correlations 
between experimental and analytical results were made. In terms of the pattern 
and extent of defect growth and load-carrying capacity. 

This report contains details on the composite specimen preparation, test- 
ing procedures, the RUSCAN experimental facility, analytical methods Involving 
the CODSTRAN computer code, scanning electron microscopy as a verification of 
failure modes, and comparison of experimental and analytical results. 


SPECIMEN PREPARATION 

Individual plies of Flberlte 1034E prepreg (934 resin matrix with Thornel 
300 graphite fibers) were used to prepare four ply panels with a fiber volume 
ratio of 0.6. A pressing process Is used to fabricate the panels. Plies are 
placed In the press according to desired laminate orientation. Contact pres- 
sure Is applied while the press temperature Is raised to 240° F. Then 100 ps 1 
pressure Is applied after which the press temperature Is elevated to a curing 
temperature of 350° F. The panels are cured for two hrs with the 100 psl pres- 
sure maintained. Afterwards, the press Is cooled to 150° F or less before the 
panels are removed. Each panel fabricated by this procedure Is 18 In. long by 
12 In. wide by 0.02 In. thick. 

From each panel, five 2 In. by 18 In. specimens are cut using a diamond 
tipped cutting wheel. Two types of full penetration notches, slits and holes, 
were Introduced Into the specimens. Slits, centered accurately across the 
width (tolerance: +0.002 In. from the center line) and roughly along the length 
are made with an ultrasonic milling machine using abrasive slurry. Dimensions 
of the slits were 0.25 In. by 0.05 In. Centered 0.25 In. diameter holes were 
machined using a plated mandrel (core drill), plated with diamond abrasive. 

The specimens are sandwiched between pieces of 0.25 In. thick lexan. This Is 
done to ensure against excessive damage occurring to the composite around the 
edge of the hole. As the mandrel grinds through the lexan and the specimen, 
debris Is flushed away from the tool by a stream of water. 

Specimens were tabbed at each end with 2 In. wide beveled aluminum tabs. 
The surface area of the specimen over which tabs are placed Is first abraded 
with aluminum oxide sand. Excess sand Is removed from the surface by a jet of 
compressed air. Tabs are then clamped to the specimens using an adhesive film. 
The adhesive film requires a curing period of 2-1/2 hrs at 250° F to solidly 
bond the tabs to the specimen. The entire specimen fabrication process Is 
shown plctorlally In figure 1. 


TESTING PROCEDURES 

The specimens were loaded In uniaxial tension and concurrently ultrason- 
Ically C-Scanned. A 50 kip load frame was used to apply the tensile load to 
the specimen (fig. 2). Mechanical grips are used to transfer the load to the 
specimen through the aluminum tabs. The load Is Incremented In a predetermined 
step-wise manner with ultrasonic C-Scans taken at each load step. 
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The RUSCAN (Real-Time Ultrasonic C-Scan) facility (fig. 3), consists of a 
microprocessor system, a monitor with full 16 level gray scale reproduction 
capability, ultrasonic signal conditioning system, and ultrasonic transducers 
mounted on a two axis (horizontal and vertical) motorized carriage. Water Is 
used as the medium for transmission of the ultrasound signal. 

Transducers with an ultrasonic frequency of 10 MHz were used for the thru 
scan type C-Scan utilized during testing. The transmitter was a 0.50 In. diam- 
eter focused (at 2 In.) transducer. The receiver was a 0.50 In. diameter flat 
transducer, positioned as close as possible (approximately 0.0625 In.) to the 
specimen during scanning. The ultrasonic signal was transmitted from 2 In. 
away on the opposite side of the specimen. 

The ultrasonic signal conditioner and power supply provides excitation to 
the transmitter and conditions the received signal for optical viewing. A 
time gating circuit Is used to eliminate all undesired portions of the signal 
(returns due to multiple path deflections). A DC output proportional to the 
peak signal received In the time gate Is sent to the microprocessor where It Is 
digitized and subsequently displayed on the monitor. The output Is a 16-level 
full gray scale Image of the digitized ultrasonic signal, with black corre- 
sponding to total attenuation (ref. 1). 

In addition to data reduction, the microprocessor Is used to control the 
rate and area of scanning. The coordinate limits of a two-axis motorized 
carriage that determine what portion of the specimen Is scanned Is controlled 
by user Input. This capability allows areas of Interest, such as notches, to 
be scanned close up. The speed at which the vertical DC motor drive operates 
Is also controlled via user Input. The rate of actual data collection Is 
limited by the manner In which the data acquisition software Interacts with the 
system hardware. 

As noted previously, the specimens were loaded, step-wise, at a predeter- 
mined rate. Each load Is held until the desired C-Scan Is completed. The 
loading continues as predetermined until damage, as seen on the gray scale 
Image, dictates a change In the load Increment size. Once damage was noted on 
the 4 ply angleplled laminates, load Increments were normally set to 20 lbs, 
which Is the minimum measurable load Increase on the load frame. Loading and 
scanning continue until fracture of the specimen occurs. 

The mode of failure for each specimen was observed and recorded with an 
AMRAY 1200 scanning electron microscope (SEM). The procedure employed In pre- 
paring the fracture surfaces of the specimens Is described below. 

A segment of the fractured surface located near the tip of the original 
notch Is selected for examination. Having preserved the fracture surface 
across the entire width of the specimen, the segment, approximately 0.75 In. 
wide, Is cut out using a diamond cutting wheel. It Is then mounted on an alu- 
minum seat. The segment Is subjected to a sputtering process which coats It 
with a gold film approximately 200 A thick. The end result Is an Increase In 
electrical conductivity that In turn Improves the transmission by the SEM. The 
fracture surface Is examined and photomicrographs revealing the failure mode(s) 
are taken. 
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ANALYTICAL METHODS 


The Composite Durability Structural Analysis (CODSTRAN) computer code Is 
used to predict progressive fracture of composites (ref. 2). A flow-chart of 
the program Is found In figure 4. Embedded In CODSTRAN Is a composite 
mechanics program known as the Multilayered Fiber Composite Analysis (MFCA) 
computer code which Is described In detail In reference 3. 

CODSTRAN Is a modular program that does quantitative calculations to pre- 
dict defect growth and progressive fracture In composite structural components. 
Capabilities of CODSTRAN Include determining the durability of composites with 
and without defects, determining structural responses due to mechanical and 
thermal loads, accurate prediction of stress states near defects (stress con- 
centrations), and prediction of ply and laminate level failure and fracture. 

The modules comprising CODSTRAN are: (1) the executive module, containing 

communication links to all other modules; (2) the I/O module; (3) the Analysis 
module; (4) the Composite Mechanics module (MFCA); and (5) the Fracture 
Mechanics module. 

The Analysis module calls NASTRAN (ref. 4) to calculate both near-field 
and far-fleld stresses In a finite element model of the structural component 
or specimen. The Composite Mechanics (MFCA) module generates laminate proper- 
ties from constituent properties (composite micromechanics) and uses Intraply 
failure and Interlaminar delamlnatlon criteria to check ply and Interply 
failure, respectively. The Fracture Mechanics module Is able to account for 
both ply level fracture and laminate fracture. The modified distortion energy 
principle and/or a general quadratic surface fit are used to Indicate combined 
ply level fracture, (ref. 5). Laminate level fracture Is based on stress 
fracture criteria due to Inherent flaws. 

To predict composite durability, CODSTRAN uses an Iterative procedure 
whereby a load Is applied to the finite element mesh of the structure being 
modeled. The response of the structure to the load can be no damage, damage, 
or destruction of an element(s). Based upon this response, the load Increment 
Is updated as follows: (1) If no damage Is predicted, the load Is updated by 

some predetermined load Increment; (2) If elements are damaged or destroyed 
(defect growth or fracture), the same load Is re-applied with reduced material 
properties assigned to the damaged elements. Destroyed elements are purged 
from the finite element mesh, effectively defining progressive fracture. This 
load Is maintained until equilibrium In the structure Is achieved. Equilibrium 
Is defined as the point where the structure, with Its modified material proper- 
ties, can sustain the applied load without the occurrence of further damage. 
This Iterative procedure continues through load Increments until fracture of 
the structure occurs. 


EXPERIMENTAL RESULTS 

Results obtained during testing of the 4 ply angleplled graphite/epoxy 
laminates using the RUSCAN experimental facility are presented here. Fracture 
testswere conducted on the following laminates: [ 0 ] 4 , [+3] s , [+5] s , [±10] s , 

t±15] s , [+30] s , [+45] s , [+60] s , [+75] s and [90]4. All specimens were C-Scanned 
during loading In order to observe Internal damage and defect growth. 
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SOLID SPECIMENS 


The longitudinal strength (S a nj) of the unidirectional composite was 
202 ks 1 determined by using the gross-area stress. This measured value of 
s a,llT compares favorably with the longitudinal tensile strength, predicted 
from micromechanics (ref. 3), equal to 214 ksl. Stress magnitudes at the 
fracture loads for the series of angleplled laminates are shown In figure 5. 

All specimens were C-Scanned during loading but due to the absence of 
stress concentrations (because of specimen geometry) very little change or 
damage was recorded prior to brittle fracture of the composite. Only In the 
[+15] s laminate where large edge delamlnatlons (15 percent of the specimen 
width) occurred, starting at 95 percent of the fracture load (Pf), did the 
C-Scan record composite damage. 


NOTCHED SPECIMENS 

Slits . - Specimens with 0.25 In. by 0.05 In. center cracks (slits) were 
loaded to fracture. The gross area stresses at these fracture loads are pre- 
sented In figure 5. 

In the very low angle laminates [0)4 and [±3] s , the only significant 
change noted by the C-Scan was widening of the crack width due to axial 
elongation. In the [+5] s and [+10] s laminates, significant changes occur 
around the crack tips. The defects grow In the fiber direction, extending 
longitudinally to distances up to 14 x w, where w = Initial crack width (0.05 
In.), away from the crack tip. For the [+5] s laminate, the damage Is first 
seen at 56 percent of Pf. Damage Is first noticeable at 87 percent of Pf 
In the [+10] s laminate. No perceptible damage at or near the crack tip 
occurred during loading of the [+15] s and [+30] s laminates. Crack exten- 
sion first occurred In the [+45] s laminate at 66 percent of Pf. At 78 percent 
of Pf the defect growth begins to propagate along the fiber directions. 

Very large defects emanating from the crack tip and at angles of ^45° occurred 
In this laminate prior to the specimen fracture (see fig. 6). The [+60] s , 
[+75] s and [ 90 ] 4 laminates were tested to fracture without any noticeable 
damage occurring during loading. 

Holes . - To determine what effect different types of notches, In this 
case slits and holes, have on composite durability and load carrying capacity, 
the same angleplled laminates were tested with 0.25 In. diameter centered 
holes. The differences In gross-area stresses at loads where laminate fracture 
occurs are shown In figure 5. It Is evident from the results that the load 
carrying capacity of the graphite/epoxy composite system tested Is Independent 
of the notch/defect type. This Is In agreement with previously conducted 
experimental Investigations (ref. 6). 

C-Scan results obtained during loading of the specimens showed significant 
axial elongation In the unidirectional composite. The longitudinal diameter of 
the hole just prior to specimen fracture was approximately 1.5 x d 0 (original 
dlam.). Considerable amounts of defect growth occurred In the low angle, 
t±3]s* [±5] s and [±10] s , angleplled laminates above and below the transverse 
edges of the holes. The damage which occurred was due to shearing which lead 
to Interply delamlnatlons In the directions of fiber orientations as seen In 
figure 7. Defects In all three laminates first appeared at 70 percent to 80 
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percent of Pf. In addition, edge delamlnatlons occurred In the [+10] s lami- 
nate at 94 percent of Pf. These delamlnatlons became quite pronounced just 
prior to specimen fracture. Extensive edge delamlnatlons were also recorded In 
the [+1 5] s laminate starting at 92 percent of Pf. No detectable damage or 
defect growth was seen In the remaining laminates of the series during testing. 
Fracture loads and the percent of Pf where damage was first detected by 
RUSCAN are summarized In table I for both solid and notched specimens. 


ANALYTICAL RESULTS 

Using CODSTRAN, cases were run for the series of angleplled laminates with 
notches (slits and holes) and without notches (solid). The finite element 
meshes used to model the solid composite specimens and the notched composite 
specimens are shown In figure 8 together with the laminate material properties 
used In the finite element analysis. Failure modes are Identified from the 
combined stress states predicted by the finite element method, with and without 
consideration of lamination residual stresses. The failure modes can be any 
of the following: (1) fiber fracture; (2) transply cracking; (3) Intraply 

shearing; (4) longitudinal or transverse compression; and (5) Interply 
delamlnatlon. Fracture loads and damage loads (percent of Pf where damage 
was first predicted to occur) as determined by CODSTRAN are given In table I. 

In the unidirectional and low angle angleplled laminates with slits, 
CODSTRAN predicts Intraply shear failure mode emanating from above and below 
the crack tips. During successive load Iterations, shear failures continue, 
following the fiber direction longitudinally away from the areas of Initial 
failure (the crack tip). In these laminates horizontal crack extension occurs 
as a result of fiber fracture, most commonly occurring near the fracture load 
(Pf). In the [ ±30 ] s laminate, Interply delamlnatlons are predicted to occur 
at the crack tip at 75 percent of P f . At P f , Intraply shear failure takes place 
where the delamlnatlons occurred originally, leading to laminate fracture. The 
same pattern, Interply delamlnatlons followed by Intraply shear failure Is seen 
In the [ ±4 5 ] s laminate. For the remaining laminates of orientations [±60] s 
and [±75] s the failure mode Is transverse tension. No defect growth In these 
two laminates Is predicted to occur as the brittle fracture load Is approached. 

CODSTRAN results Indicate that effects due to lamination residual 
stresses, caused by the difference between cure temperature during lamination 
and ambient temperatures at which the specimens are tested, are negligible. 
Considering residual stresses did not affect defect growth patterns and failure 
modes; however, the magnitudes of the loads at which progressive fracture 
Initiated were slightly reduced. In general, for all failure modes, damage 
onset Is more sensitive to the ply strengths than the relatively small residual 
stresses. 

Results of the CODSTRAN analyses of angleplled laminates with centered 
holes agreed well with experimental results, both Indicating that graphite/ 
epoxy composites are notch-type Insensitive. Defect growth patterns and damage 
mechanisms closely matched CODSTRAN results for the laminates with centered 
slits. In the low angle laminates, less than [+15] s with a centered hole, 
Intraply shear failures near the hole lead to progressive fracture. Some fiber 
fracture due to longitudinal tension was predicted. As also typical of behav- 
ior predicted In slltted specimens, damage extended longitudinally (In the 
fiber directions) emanating from the transverse edges of the hole. In [+30] s 
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and [+45] s laminates, progressive fracture starting with Interply delamlna- 
tlons around the hole, followed by shear failure was predicted. Brittle frac- 
ture was determined by CODSTRAN to occur In laminates of ply angle orienta- 
tion greater than [+60] s . 

Graphical results are presented which aid In explaining the combined 
stress states and modes of failure In angleplled laminates. Figure 9 shows how 
graphite fibers In the composite system act as a bridge between points of 
stress concentration and areas at a distance from that concentration. As 
shown, a very steep Increase In longitudinal stress occurs at the notch tip In 
the unidirectional composite. In the [+45] s laminate, the stress concentra- 
tion Is dissipated more gradually as the fibers traversing the area from the 
notch tip outward In the fiber direction, decay the concentration Inversely 
proportional to the square root of the distance from the crack tip. This decay 
Is valid up to a distance of two laminate thicknesses away from the notch tip. 
For angleplled laminates of higher angle orientations, greater than +30, the 
stress concentration Is maintained at the crack tip as crack growth occurs, 
leading to brittle fracture. Shear failure above and below the notch tips In 
the angleplled laminates with ply angles less than +10° cause progressive 
fracture. Damage first occurs at or near the notch tip, followed by stress 
relief, and hence, since the load carrying capacity has been transferred to 
Intact laminate. Increased loads can be sustained. 

Figure 10 shows load crack-opening-displacement (COD) curves for the uni- 
directional and [+45] s laminates. As seen, the COD of the [+45] s laminates 
Is linear until brittle fracture occurs. From zero load up to the load where 
shear failures start occurring around the notch tip, the COD of the unidirec- 
tional composite Is also linear. At loads where shear failures result, there 
Is a discontinuity In the crack opening displacement as progressive fracture 
ensues. After the composite has stabilized by stress redistribution, the COD 
will again Increase linearly due to higher loads. This type of behavior that 
the unidirectional composite exhibits Is known as defect blunting and Is the 
main contributor to the notch Insensitivity of unidirectional composites. 


COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS 

Predicted and measured results of laminate strengths, defect growth pat- 
terns and failure modes are presented In this section. Scanning electron 
microscopy was used to verify both CODSTRAN predicted and RUSCAN observed 
failure modes. 


LAMINATE STRENGTH 

All CODSTRAN models for the series of angleplled laminates were loaded to 
laminate fracture In order to determine laminate strengths. Results of both 
predicted and measured strengths, are shown In figures 11, 12 and 13. The 
code Is conservative In Its prediction of strengths In laminates with notches 
(slits and holes). The average magnitudes of the predicted fracture loads are 
69 percent those of the measured loads. Laminate strengths of solid specimens 
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were also determined analytically and experimentally. Results Indicate that 
the code Is sensitive to the stress concentrations at the crack tip. In com- 
posites where stress concentrations are present, the transfer of stresses to 
surrounding Intact laminate will occur If the concentration causes damage to 
the material. This mechanism of stress redistribution determined by CODSTRAN 
results In the prediction of lower load-carrying capacities than are measured 
experimentally. 

Both CODSTRAN and RUSCAN results Indicate that graphite/epoxy composites 
are Insensitive to notch type. As shown In figure 5, laminate longitudinal 
strengths are Independent of the Initial defect type, slit or hole. Introduced 
In the specimen. Accounting for this Insensitivity are stress . concentrations 
of similar magnitudes at the notch edges. The stress magnitudes are equal 
because of the microscopic heterogeneous nature of the fiber composite material 
where a notch edge or tip Is always blunted by a finite length of exposed fiber 
regardless of notch type. The stress concentration of magnitude up to the 
fracture strength (of) exist at the notch tip, but Is rapidly dissipated 
as seen In figure 9. 


DEFECT GROWTH PATTERNS AND FAILURE MODES 

The RUSCAN experimental facility and the CODSTRAN computer code have the 
capability of monitoring and predicting defect growth In composites, 
respectively. The shape and extent of damage can be determined as also can 
the failure mode( s) . 

Figure 14 shows a direct comparison between defect growth patterns as 
predicted analytically and observed experimentally. The results shown are for 
the [+45] s laminate with a centered slit where widespread delamlnatlons 
occurred around the notch tips. These delamlnatlons were predicted by CODSTRAN 
using the relative rotation failure criterion, (ref. 3). As seen there Is 
excellent correlation for both defect growth patterns and extent. 

In the lower angle laminates [0]4 to [+15] s , with slits, the dominant 
mode of failure Is fiber tensile fracture (fig. 15(a)). However, photomicro- 
graphs reveal some hackles on the fractured surfaces Indicating that shear 
failures have occurred prior to specimen fracture. This Is predicted by 
CODSTRAN as noted In section 6.0. In the [+30] s and [+45] s laminates 
delamlnatlons occur around the notch tip followed by Intraply shear failures 
(fig. 15(b)). The delamlnatlon progression monitored by RUSCAN corresponds to 
that predicted by CODSTRAN. A deviation from the predicted shearing type 
failure Is seen on the [+30] s laminate photomicrographs where there Is evid- 
ence of fiber fracture. However, numerous hackles seen on the fractured sur- 
faces Indicate that shear failure Is the primary mode of failure. For lami- 
nates with higher angle orientations, all experimental data Indicate brittle 
fracture caused by matrix transverse fracture and Is consistent with the frac- 
ture progression pattern predicted by CODSTRAN (fig. 15(c)). Since the com- 
bined stress state for these cases Is such that equilibrium In the laminate Is 
unattainable after damage onset, CODSTRAN Iteratively predicts progressive 
crack growth and shifting stress concentrations leading to brittle fracture. 
RUSCAN results, where no damage Is detected prior to laminate fracture. 
Indicates brittle fracture does occur In angleplled laminates with ply orienta- 
tion equal to or greater than +60°. 
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GENERAL REMARKS/DEFINITIONS 


Progressive fracture of angleplled graphite/epoxy laminates Is a phenom- 
enon requiring accurate description of complex stress conditions that sub- 
sequently cause one or several failure modes to be present. The analytical 
and experimental techniques embodied by the CODSTRAN computer code and the 
RUSCAN facility are well suited to advance understanding and description of 
progressive fracture In composites. However, the terminology used to describe 
this complex phenomena must be carefully selected. 

During the course of this Investigation, It became evident that loose use 
of terminology Inhibited clear understanding and description of progressive 
fracture of fiber composites. Therefore, It became necessary to use relevant 
terminology In a specific way In order to succinctly describe the complex 
events that were occurring. The following definitions evolved during this 
study and appear to be appropriate for describing composite progressive 
fracture. Defect refers to any notch or flaw which Is purposely (such as 
notches) or Inadvertently added to the composite during fabrication. Damage Is 
the degradation of mechanical properties In a localized region where failures 
have occurred. Failure modes, which can be present In composites and have been 
described, Include: a) longitudinal tensile failure Including fiber fracture 

and fiber pullout; b) longitudinal compressive failure characterized by fiber 
compressive fracture, fiber mlcrobuckllng or ply-panel buckling; c) transverse 
tensile and compressive failure; d) shear failure Including In-plane and Intra- 
lamlner shearing; and e) Interply delamlnatlons . Progressive fracture Is 
described by defect/crack growth In the composite resulting from one or a com- 
bination of failure types. Progressive fracture can be blunted If stress 
equilibrium Is recovered or It can continue until fracture occurs. Fracture or 
laminate fracture refers to the breaking of a structure or specimen Into two or 
more distinct parts. 


SUMMARY OF RESULTS 

The significant results obtained by utilizing the CODSTRAN computer code 
and the RUSCAN experimental facility to study progressive fracture of graphite/ 
epoxy composite angleplled laminates are summarized below. 

(1) The Composite Durability Structural Analysis (CODSTRAN) computer code 
and the Real-Time Ultrasonic C-Scan (RUSCAN) experimental facility are effec- 
tive methods of studying progressive fracture of composites. 

(2) CODSTRAN gives the Investigator an analytical tool for predicting ply 
combined stress states, failure modes, and fracture propagation patterns. 

(3) RUSCAN sensitivity allows accurate monitoring of crack Initiation and 
progressive fracture. 

(4) Fracture patterns and crack opening displacements observed via RUSCAN 
and predicted by CODSTRAN are In good agreement. 

(5) Failure modes (fiber fracture, Intraply shear, transverse tension and 
Interply delamlnatlons) as predicted by CODSTRAN are verified to be accurate by 
scanning electron microscopy of fractured specimens. 

(6) Angleplled laminate mechanical response, progressive fracture, and 
fracture load In graphite/epoxy composites Is Independent of the defect types 
tested (slits and holes). 

(7) In graphite/epoxy angleplled laminates at lower angle laminate orien- 
tations (less than +15°) progressive fracture of the composite takes place. 
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In laminates of orientation greater than +60°, brittle fracture occurs. 

Between these two In the range +30° to +45°, composite fracture Is charac- 
terized by Interply delaminations followed by Intraply shear failure at or near 
the stress concentration region. 
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TABLE I. - LAMINATE FRACTURE LOADS P f AND PERCENT OF THE FRACTURE LOAD WHERE INTERNAL 
COMPOSITE DAMAGE WAS FIRST DETECTED P d FOR FIBER COMPOSITE 
ANGLEPLIED LAMINATES WITH AND WITHOUT NOTCHES 




RUSCAN results 

CODSTRAN results 

Ply 

orien- 

tation 

Sol id 
specimen 

Specimen 

with 

slit 

Specimen 

with 

hole 

Sol id 
specimen 

Specimen 

with 

Specimen 

with 

P f , 

p d» 

percent 
of P f 

P r- 

p d> 

percent 
of P f 

slit 

hole 
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Step 1; Fiberite 934 prepreg; T 300 graphite fiber. 


Step 2; 4 plies cured at 350° for 2.5 hours. 



DEFECT /SLIT 


Step 3; specimen dimensions: 18. X 2. X .02 inches; machined Step 4; slit dimensions: 0.25 X 0.05 inches; notching by ultra- 

with diamond tipped cutting wheel; beveled aluminum tabs. sonic abrasive slurry. 


Figure 1. - Specimen fabrication procedure for graphite/epoxy angleplied laminates with a centered notch (slit). 






Figure 2. - Load frame used for testing of uniaxial composite tension speci- 
mens with ultrasonic transducers mounted on the frame. 
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INPUT MODULE 



Figure 4. - Flowcha rt of the CODSTRAN computer code. 
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Figure 5. - Angleplied laminate longitudinal strengths. 
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Figure 6. - Defect growth patterns in a ( ±45] s 4 ply graphite/epoxy laminate. 
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Figure 7. - RUSCAN results showing defect growth in 4 ply graphite/epoxy laminates of orientation [ ±3] [ ±5] 

and I ±101 s , with a centered 0. 25 in. diam through hole. s ’ s ’ 
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MATERIAL PROPERTIES USED FOR CODSTRAN ANALYSIS* 


FIBER VOLUME RATIO, k f 0.6 

PLY DENSITY, pp Ib/in. 3 0.057 

LONGITUDINAL MODULUS, E in , psi 20I10I 6 

TRANSVERSE MODULUS, E i22 . psi 1.5I10) 6 

SHEAR MODULUS, G^ 12 , psi 0. 95(10) 6 

SHEAR MODULUS, G^ 2 3 , psi 0.37(10)^ 

POISSON'S RATIO. v m 0. 21 

POISSON'S RATIO, \> m 0.47 

LONGITUDINAL THERMAL EXPANSION 
COEFFICIENT, Ogjj, in. /In. /°F 0. 33(101“ 6 

TRANSVERSE THERMAL EXPANSION 
COEFFICIENT, a^ 22 , in./in./°F 0. 16(10)' 4 

LONGITUDINAL TENSILE STRENGTH, 

Silly. PSi 260000 

LONGITUDINAL COMPRESSIVE STRENGTH, 

S illc . psi 210000 

TRANSVERSE TENSILE STRENGTH. 

Sg22T‘ P s ' 6500 

TRANSVERSE COMPRESSIVE STRENGTH. 

S/22C’ P si 25000 

INTRALAMINAR SHEAR STRENGTH, 

S^i2S. PS* 9000 


* PROPERTIES GIVEN ARE FOR A T300/934 GRAPHITE/EPOXY 
LAMINATE 


Figure 8. - Finite elerr.ent meshes used for the CODSTRAN analyses of the solid composite specimen and the notched composite 
specimens. y 






NORMALIZED STRESS 



Figure 9. - Crack tip normalized longitudinal stress distribution for the unidirectional 
and I ±45] s laminates. 



Figure 10. - Crack opening displacement as a function of the applied load in a 4 ply 
graphite/epoxy angleplied laminate with a centered 0. 25 in. through slit 
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Figure 11. - A comparison of predicted and measured angleplied lam- 
inate longitudinal strengths in solid graphite/epoxy composites. 
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Figure 12. - A comparison of predicted and measured angleplied laminate 
longitudinal strengths in notched (with slit) graphite/epoxy composites. 
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Figure 13. - A comparison of predicted and measured angleplied laminate 
longitudinal strengths in notched (with hole) graphite/epoxy composites. 


CODSTRAN GENERATED RESULTS 
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Figure 14. - Progressive fracture of a [ ±45 ] $ laminate. Results shown are for a 2 in. wide tension 
specimen with a 0. 25 x 0. 05 in. centered slit 






(a) M 4 -[±15] $ — Fiber tensile fracture. 


(b)[±30] s - [±45] s — A/latrix intralaminar/interiaminar fracture. 


(c) [±60] s -[90] 4 — Matrix transverse fracture. 

Figure 15. - Photomicrographs revealing fractured surface microstructural characteristics associated with the predicted failure modes. 
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